Certain AdS black holes in the STU model can be conformally scaled to wormhole and black hole solutions of an f (R) type theory which have two asymptotically AdS regions and are completely free of curvature singularities. While there is a delta-function source for the dilaton, classical string probes are not sensitive to this singularity. If the AdS/CFT correspondence can be applied in this context, then the wormhole background describes a phase in which two copies of a conformal field theory interact with each other, whereas the nonsingular black hole describes entangled states. By studying the behavior of open strings on these backgrounds, we extract a number of features of the quarks and anti-quarks that live in the field theories. In the interacting phase, we find that there is a maximum speed with which the quarks can move without losing energy, beyond which energy is transferred from a quark in one field theory to a quark in the other. We also compute the rate at which moving quarks within entangled states lose energy to the two surrounding plasmas.
Introduction
The AdS/CFT correspondence [1, 2, 3] enables us to extract information on certain stronglycoupled gauge theories by studying string theory on a supergravity background. While the original correspondence was between type IIB string theory on AdS 5 × S 5 and fourdimensional maximally supersymmetric N = 4 SU (N ) Yang-Mills theory, a large number of generalizations have been made (see e.g. [4] ). The field theory interpretation of various types of geometrical backgrounds have been investigated, including those with two disconnected asymptotically AdS regions such as the eternal black hole [5] and the Maldacena-Maoz wormhole [6] . The correspondence may be a powerful tool for addressing long-standing questions in quantum gravity. An indication of this is that causal properties of the bulk spacetime, such as the formation of an event horizon and the presence of a black hole singularity, are manifest in the dual field theory in terms of the singular structure of correlation functions [7, 8, 9] .
The three-charge AdS black hole solution in the STU model [10, 11] has found widespread application in the study of the AdS/CFT correspondence. In particular, this gravity background is conjectured to be dual to non-zero temperature N = 4 SU (N ) supersymmetric Yang-Mills theory with chemical potentials for the U (1) R-charges [12] . For static black holes in the STU model, the BPS limit leads to naked singularities [10] . These BPS naked singularities, which are also called 'superstars,' were shown to correspond to a distribution of giant gravitons in AdS 5 × S 5 [13] . If one of the charges vanishes, then there is a conformal scaling for which the geometry can be extended to have two asymptotic AdS regions and be completely free of curvature singularities. This is the so-called dual frame, which is the frame in which the dual field strength couples to the dilaton in the same manner as the metric [14] . If we were in ten dimensions, then the dual frame may be considered as a "holographic frame" [15] . However, since we are in five dimensions, we can at most consider this to be a background for an effective five-dimensional string theory.
Depending on the values of the parameters, there might or might not be horizons present, so that the background is either a wormhole or a nonsingular black hole. We use the term "nonsingular black hole" to indicate the absence of a geometrical singularity in a solution with event horizon although, as we will see in a moment, this background is supported by a delta function source for the dilaton. There have been a number of approaches to the construction of nonsingular black holes; see [16] for an early example and [17] for a very recent one. We will focus on the case in which the two remaining charges are equal. Then the dilaton becomes non-dynamical in the dual frame. In analogy with f (R) gravity (see [18, 19, 20] for reviews of f (R) theories) being equivalent to a special class of Brans-Dicke theory in which the scalar field has no kinetic term, this can also be referred to as the f (R) frame [21] . Although the background has no curvature singularities, it is supported by a delta function source for the dilaton. Nevertheless, matter that is not coupled to the dilaton through a derivative will not be sensitive to this singularity. In particular, this is the case for a classical string probe.
We will make the working assumptions that such a solution of f (R) theory can be used as a background for an effective string theory in five dimensions and that the AdS/CFT correspondence can be applied in this context. Then the background describes two copies of a conformal field theory. In particular, the wormhole describes a phase in which two conformal field theories interact with each other, whereas the nonsingular black hole describes entangled states. A string that connects N branes to a single brane in an asymptotic region corresponds to an infinitely massive W-boson, which we will refer to as a "quark" of one of the field theories-which field theory is determined by which asymptotic region. We will consider the dynamics of open strings on this background, which will enable us to extract a number of features of the field theories. This paper is organized as follows. In section 2, we discuss how the STU model with two equal field strengths can be converted to the f (R) frame by performing a conformal scaling and then integrating out the scalar. Taking a two-equal-charge AdS black hole to the f (R) frame renders the geometry completely regular with two asymptotic AdS regions.
In section 3, we study the behavior of steadily-moving strings on this background. In the interacting phase, we find that there is a maximum speed with which the quarks can move without losing energy, beyond which energy is transferred from a quark in one field theory to a quark in the other. We also compute the rate at which moving quarks within entangled states lose energy to the two surrounding plasmas.
In section 4, we analyze the interaction potential of quark-antiquark pairs in these field theories. While a quark-antiquark pair within a single field theory exhibits Coulomb interaction for small separation, a quark in one field theory exhibits spring-like confinement with an anti-quark in the other field theory. For the entangled states, we study how the quark-antiquark screening length depends on temperature and chemical potential. In the interacting phase of the two field theories, a quadruplet made up of one quark-antiquark pair in each field theory can undergo transitions involving the pairing for screening. Namely, on one side of the transition the quarks interact with the antiquarks of the same field theory and are screened from the antiquarks of the other field theory, while it is the reverse on the other side of the transition. We give the conclusions in section 5. In an appendix, the generalization of these backgrounds to arbitrary dimensionality is presented, along with a discussion of the global structure and the thermodynamical quantities.
2 Obtaining the backgrounds
The f (R) frame
We start off by considering the STU model, which corresponds to five-dimensional N = 2 gauged supergravity coupled to two vector multiplets. If we set two field strengths equal, then we have the Lagrangian
where F (2) = dA (1) and F (2) = dA (1) . Here we have adopted the notation of [22] where the five-sphere reduction ansatz of the STU model from type IIB supergravity were given. One can make a conformal transformation so that the Lagrangian now becomes [21] 
In this frame, the dilaton ϕ is non-dynamical, giving a purely algebraic equation for ϕ:
In analogy with the equivalence between a special class of Brans-Dicke theory in which the scalar field has no kinetic term and f (R) gravity, this can be referred to as the f (R) frame [21] .
An alternative route for obtaining the Lagrangian given by (2.2) is to start with N = (1, 0) supergravity in six dimensions, which is the low-energy effective action of the selfdual string. Performing an S 1 reduction in the string frame, or the six-dimensional frame, namely 4) and gauging the resulting five-dimensional theory yields the theory described by (2.2).
Before the gauging, it can be shown that the f (R) frame in five dimensions corresponds to the dual frame, or equivalently an effective string frame, by dualizing the 2-form field strength F (2) to be the three-form, namely
Then the Lagrangian given by (2.2) takes the form
which is characteristic for a theory in the dual frame [14] . In fact, the H (3) is the direct descendent of the self-dual 3-form in the six-dimensional self-dual string.
Wormholes and non-singular black holes
It should be emphasized that the theory in the f (R) frame is not necessarily equivalent to the original supergravity theory, since the conformal scaling can be singular in the solution space. Therefore, the f (R) theory can have solutions with global properties that differ from those of the corresponding local solutions of the supergravity theory. In particular, previously singular geometries can become regular in the f (R) frame. The dilaton remains singular but it is associated with a delta-function source in the f (R) frame. The theory distinguishes itself also by how it couples with the matter fields. It is clear that, in the dual frame, a classical string probe will not be sensitive to the delta-function source of the dilaton.
As our starting point, we will consider the static three-charge AdS black hole solution in the STU model [10, 11] . The BPS limit leads to naked singularities known as 'superstars,' which correspond to a distribution of giant gravitons in AdS 5 × S 5 [13] . However, for vanishing F (2) there is a conformal transformation which renders the geometry completely regular. For the case of two equal charges, such a conformal transformation takes the black hole solution to the f (R) frame. The resulting solution is given by
where
Here dΩ 2 3,ǫ is the metric for the space Ω 3,ǫ , which is a unit sphere S 3 , flat plane R 3 or hyperbolic plane H 3 for ǫ = 1, 0 and −1, respectively.
The geometry has two asymptotic AdS regions at r → −∞ and r → +∞ and is completely free of curvature singularities for nonzero q. In particular, the scalar curvature invariants go as 1/(r 2 + q) n for some n and are everywhere finite. In the region around r = 0, the geometry approaches a direct product of two-dimensional Minkowski spacetime and Ω 3,ǫ , or five-dimensional Minkowski spacetime for ǫ = 0. The absolute value on r in (2.7) is added in by hand so that ϕ is non-negative in order to avoid ghost fields. Thus, the solution has a delta-function source at r = 0. However, any matter that is not coupled to ϕ through a derivative, such as a classical string probe, will not be sensitive to this δ-function singularity.
For µ < g 2 q 2 , the solution is a wormhole. There are no horizons and the two asymptotic regions are causally connected. In particular, as we will discuss in more detail for the case of ǫ = 0, a radial null geodesic goes from one asymptotic region to the other in a finite time interval. The topological censorship theorem that the disconnected boundaries must be separated by horizons assumes that the Einstein equations hold [23] , and therefore does not necessarily carry over to f (R) theories. Note that the parameter µ has no lower bound.
If one is able to apply the AdS/CFT correspondence in this context, then the boundaries describe two copies of a conformal field theory that interact with each other. µ = g 2 q 2 corresponds to the extremal limit for which the near-horizon geometry is AdS 2 × Ω 3,ǫ . For µ > g 2 q 2 , there are event horizons located at r = ±r h , where
As one might expect, t becomes a spacelike coordinate and r becomes a timelike coordinate in the region between the horizons. Like the eternal AdS Schwarzschild black hole [5] , this describes the entangled states of the two conformal field theories. In the present case, however, this is a nonsingular black hole in that there is no curvature singularity.
The presence of a horizon as well as the absence of a curvature singularity can be detected in the field theories by examining the structure of the singularities of boundary correlation functions [7, 8, 9] . Since this stems from the behavior of geodesics, one can roughly trace the results back to the characteristics of the effective potential for a particle on the geometry. For instance, for the eternal AdS Schwarzschild black hole, a divergence in the effective potential associated with the curvature singularity leads to a singularity in a correlator when it is analytically continued past a branch cut to a secondary sheet. For the nonsingular black hole, the effective potential does not diverge and so this branch cut does not arise. On the other hand, for both black hole backgrounds the effective potential has maxima which correspond to the existence of unstable circular orbits. This ultimately leads to singularities in correlators that signal the presence of horizons.
For the rest of the paper, we will focus on the case of ǫ = 0. Then the background describes a worm-brane or nonsingular black brane extended along R 3 , which corresponds to the field theories living on R 3,1 . After performing the rescaling
where ℓ = g −1 , the metric in (2.7) for ǫ = 0 can be written as
The temperature of each field theory is given by
The entropy density is 14) which is related to the entropy of entanglement. The mass and two equal-valued charges For the wormhole background, it can be shown that a radial null geodesic goes from one asymptotic region to the other in a finite time interval, which is given by
as measured by an observer in an asymptotic region. For the nonsingular black hole background, the coordinate time that an infalling radial null geodesic takes to go from one of the asymptotic regions to r = 0 is 18) where the form of the imaginary time piece in terms of the Hawking temperature T is a generic feature for black holes.
3 Steadily-moving strings
General formulae
The dynamics of a classical string on a spacetime background with the metric G µν are governed by the Nambu-Goto action
where (τ, σ) are the worldsheet coordinates, g ab is the induced metric and g = det(g ab ).
The string tension T 0 is given by
For the map X µ (τ, σ) from the worldsheet into spacetime,
3) whereẊ = ∂ τ X, X ′ = ∂ σ X and the dot product of two vectors is given by A·B = A µ B ν G µν .
We will study open strings on a background with the metric given by (2.11). We take a string to be localized at x 2 = x 3 = 0 and moving along the x 1 ≡ x direction. Choosing a static gauge σ = ρ and τ = t, the equation of motion for the string is
The general expressions for the canonical momentum densities of the string are given
The string tension T 0 = √ λ/(2πℓ 2 ), where λ is the 't Hooft coupling of the two field theories.
Straight strings
A steadily-moving straight string is given by the solution x(t, ρ) = x 0 + vt, for which
If µ = 0, then −g = 1 − v 2 > 0 everywhere for v < 1, which implies that all points along the string are moving at speeds less than the local speed of light. However, for µ = 0, −g is danger of vanishing at critical radii ρ = ±ρ c , where
If µ < q 2 , then the background is a wormhole and steadily-moving straight strings with speeds |v| < v crit are permissible, where
However, straight strings traveling at speeds |v| ≥ v crit have a region for which −g < 0 and the action, energy and momentum are complex. This is a signal that this portion of the string is traveling faster than the local speed of light and must be discarded. Thus, v crit corresponds to the maximum speed with which a quark in one of the dual field theories can move without undergoing energy loss.
In the next subsection, we will consider curved strings with |v| > v crit which satisfy −g > 0 everywhere. Note that as µ → q 2 from below, v crit → 0. This means that for µ > q 2 , in which case horizons are present, steadily-moving straight strings are not permissible at any speed. This is a generic feature of the behavior of straight strings on black hole backgrounds, including those in gauged supergravity [28, 29, 30, 31] . This implies that, for a finite-temperature field theory with a holographic description in terms of a black hole background, all moving quarks must lose energy.
Curved strings
We will now consider steadily-moving curved strings, which are described by solutions of the form x(ρ, t) = x(ρ) + vt. The term with the time derivative in (3.4) vanishes and we
which can be integrated once to obtain
where C is an integration constant. This constant determines the momentum current flowing along the string. From (3.6), one finds
Curiously enough, π 1 t is constant along the length of the string while π 1 x is not. Substituting x ′ into (3.5) yields
For |v| < v crit , −g > 0 everywhere along the string provided that
Reality of C implies that this condition cannot be satisfied for the nonsingular black hole, for which µ > q 2 . For greater speeds, or for the regime of the nonsingular black hole, one must ensure that −g remains positive everywhere by choosing C such that the numerator and denominator of −g change sign at the same point. This condition implies
We also have
For the case of a wormhole (µ < q 2 ), this can be integrated to yield the solution
Note that we have taken the positive sign in (3.15), which specifies that the forward endpoint of the string is the one located at ρ > 0. This solution is shown in the left plot of Figure 1 for µ = 1, q = 2, v = 0.1 and t = x 0 = 0. For the case of a black hole (µ > q 2 ), there are semi-infinite string configurations that occupy the regions outside of the horizons and are
given by
The analogous string solutions for AdS black holes in gauged supergravity were considered in [28, 29, 30, 31] . Two such disconnected solutions moving in opposite directions along the x axis are shown in the right plot of Figure 1 for µ = 2, q = 1, v = 0.1 and t = x 0 = 0. The rate at which energy flows along each of these strings is given by For µ < q 2 , this corresponds to energy being transferred from a quark in one field theory to a quark in the other field theory. Similar string dynamics have been studied in [24] for wormhole backgrounds in Einstein-Gauss-Bonnet theory [25, 26] as well as a multi-boundary orbifold of AdS 3 [27] . In the case of µ > q 2 , energy is lost to the two surrounding plasmas.
This is analogous to the energy loss that was studied using a curved string moving in an AdS black hole background in gauged supergravity [28, 29, 30, 31] . However, in the present case the black hole has two horizons that are located at equal distance from ρ = 0, which means that a quark in one field theory loses energy to both of the plasmas in equal amounts.
In the region that lies between the two horizons of the black hole, there is an infinitely extended string configuration given by
This configuration is shown in Figure 2 4 Quark-antiquark potential and screening length
Quark-antiquark potential
The vacuum expectation value of a rectangular Wilson loop can be computed from the proper area of the string worldsheet [32, 33] , from which the potential energy of a quarkantiquark pair can be read off. For the case in which the string stretches through a wormhole, this prescription can still be applied even though the quark and antiquark do not live within the same field theory. Namely, there is a rectangular contour within the physical spacetime whose horizontal sides run along the distance between the two particles and whose vertical sides run along time.
For the Euclideanized form of the metric (2.11), the Nambu-Goto action is given by
Using the static gauge t = τ and x = σ, this becomes
where ∆t is the time interval. Since the action does not depend on x explicitly, the Beltrami identity yields f (ρ 2 + q)
3)
The constant of motion c is related to the minimal value of ρ = ρ 0 of the string, which occurs at x = 0, by
x as a function of ρ is given by 5) where the lower bound of the integral is taken at ρ = ρ 0 . For the case in which both endpoints of the string lie in the same asymptotic region, the integration constant c is related to the distance L between the quark and anti-quark by
The energy of a static configuration is related to the action by E = S/∆t, which yields
where we have regularized the energy by subtracting that of two disconnected straight strings which stretch from the horizon to infinity. For small T and Φ, the energy of a quark-antiquark pair is
For the wormhole (µ < q 2 ) for small µ and q, the energy of a quark-antiquark pair is
For the wormhole, we can also consider the case in which a string extends from one asymptotic region to the other. As depicted by the left plot of Figure 3 , the distance between the endpoints along the x direction is given by L, which is
The energy of the string is
Note that we have subtracted the energy of a straight string so that this represents the interaction energy of a quark in one field theory with an anti-quark in the other as a function of their distance L. For small L, this is given by
where 13) and Q ± are given by (3.18) . Thus, when the quark and anti-quark are a small distance L apart, they behave as though they are attached by a spring with an effective spring constant k, which is shown as a function of µ for different values of q in the right plot of Figure 3 . This type of phenomenon has previously been studied in [24] for wormholes in Einstein-Gauss-Bonnet theory [25, 26] , a multi-boundary orbifold of AdS 3 [27] , and the Maldacena-Maoz wormhole [6] . Note that as one approaches the transition point between a wormhole and a nonsingular black hole (µ → q 2 from below), k → 0. This is consistent with what one might naively expect, since this marks the transition to entangled states. 
Screening length
The dependence of quark-antiquark screening length on temperature was studied in [34, 35] using a neutral AdS black hole in five-dimensional gauged supergravity. Its dependence on temperature and chemical potentials was studied in [36] using rotating nonextremal D3-branes, which correspond to a charged AdS black hole in five-dimensional gauged supergravity.
The screening length can be computed by comparing the energies of string configurations that share the same endpoints in the asymptotic region. As illustrated by the left plot of Figure 4 , two points in the asymptotic region can either be the endpoints of a single curved string, or that of two disjoint strings extending straight down to the black hole horizon. If the distance L between these two points is small, then the curved string remains far from the horizon and is energetically favorable. For large L, the curved string comes so close to the horizon that the disjoint straight strings are the energetically favorable configuration.
The screening length L screening marks the distance at which this transition takes place. For L > L screening , the interaction between the quark and the antiquark is completely screened by the plasma.
The right plot of Figure 4 shows the energy of a quark-antiquark pair as a function of L for T = 0.2 and Φ = 1. Recall that this energy has been regularized by subtracting the energy of the disjoint straight strings from that of the single curved string. Thus, the point at which the curve is at E = 0 corresponds to the transition from the single curved string being the energetically favorable state (to the left of this point) to the disjoint straight strings being energetically favorable (to the right of this point). Notice that there is a portion of the curve which is always positive. This corresponds to a longer curved string that is always less energetically favorable than the aforementioned curved string as well as the disjoint straight strings. The kink in the curve would correspond to a maximum value that L can take for the curved strings, except that this occurs in the region for which the disjoint straight strings are energetically favorable anyway and, therefore, does not have physical significance. of their energies, the orientation of some of the strings must sometimes be reversed. As it stands, the U-shaped strings shown on the left in Figure 6 and the crossed strings on the right both represent a quark-antiquark pair in each field theory, whereas the straight strings in the center represent two quarks in one field theory and, by fiat, two antiquarks in the other.
One can readily surmise that the two U-shaped strings are energetically favorable for small L whereas, upon changing the orientation accordingly, the two straight strings are energetically favorable for large distance. Indeed, this is qualitatively like two copies of the screening effect that takes place for the case of a black hole. However, this screening exists at zero temperature and is brought about by the interaction of a quark in one field theory with an antiquark in the other one, rather than by the effects of a plasma. The energy of the U-shaped strings as well as the crossed strings can be regularized by subtracting that of the two straight strings. The left plot in Figure 7 shows the regularized energy for the U-shaped strings for µ = 0 and q = 1, which illustrates our above expectation.
The value of L for which this curve passes through zero energy represents a screening length in the sense that the quark-antiquark pair in each field theory do not interact with each other for distances greater than that. It turns out that the crossed string configuration shown on the right in Figure 6 always has greater energy than both the U-shaped strings as well as the straight strings. Thus, at least for this symmetric positioning of endpoints, the crossed string configuration is not physical. The situation becomes more intricate for less symmetric positioning of the endpoints, as shown in Figure 8 . Points A and B on one side of the wormhole are a distance L 1 apart, while points C and D on the other side are a distance L 2 apart. Also, points C and D can be shifted a distance d relative to the other pair of points. We will restrict ourselves to string configurations that lie entirely in the x − r plane at y = z = 0. The configuration for which one string connects points A and B and the other string connects points C and D can be denoted as the AB-CD configuration, which we will refer to as the U-shaped string configuration. In this vein, the AD-BC configuration can be referred to as the crossed string configuration. In the limit of L 1 = L 2 and d = 0, the AC-BD configuration reduces to that of two straight strings.
Let us first consider the situation for which µ = 0, q = 1, L 1 = L 2 is fixed and d varies, in which case the energy of the U-shaped string configuration can be held constant.
Therefore, the most convenient regularization scheme is to subtract this energy from that of the other two types of configurations in order to obtain their regularized energy. Note that this is a consistent regularization scheme despite the fact that the crossed strings have a different orientation from the U-shaped strings. The left plot of Figure 7 indicates that, 
Conclusions
We have investigated the behavior of open strings on five-dimensional wormhole and black hole backgrounds in five-dimensional gauged supergravity in the f (R) frame. These backgrounds have two asymptotic AdS regions and are completely free of curvature singularities.
They are conformally related to AdS black holes in the STU model with two equal charges.
Although the backgrounds do not contain curvature singularities, they are supported by a delta-function source for a scalar field. The f (R) frame corresponds to the dual frame, or effective string frame, which implies that classical string probes are not sensitive to this singularity. We have considered an effective string theory on these backgrounds and have made the working assumption that the AdS/CFT can be applied in this scenario. Then the wormhole background describes a phase in which two copies of a conformal field theory interact with each other, whereas the nonsingular black hole describes entangled states.
Studying the dynamics of open strings on these backgrounds enables us to extract some of the features of the quarks and anti-quarks that live in the field theories. For the phase in which the conformal field theories are interacting, there is a maximum speed with which the quarks can move without losing energy. If a quark moves faster than this, then energy will be transferred to a quark in the other field theory such that the two quarks start moving together. For the case of entangled states, a moving quark loses energy to the two surrounding plasmas in equal amounts, and we have computed the rate at which this rather unusual energy transfer process occurs.
We have also studied the potential energy between static quarks and anti-quarks. For small separation, a quark and an anti-quark exhibit Coulomb interaction if they both live in the same conformal field theory. On the other hand, in the interacting phase of the field theories, a quark in one field theory exhibits spring-like confinement with an antiquark in the other field theory. The dependence of the effective spring constant on the parameters of the wormhole background is presented. As might be expected, as one changes the parameters of the two interacting field theories in such a way that the transition to entangled states is approached, the effective spring constant monotonically decreases to zero.
The screening length between quarks and anti-quarks have been investigated. For the case of entangled states, we have studied the dependence of the screening length on temperature and chemical potential and find that it monotonically decreases with each of these quantities. However, for either high temperature or small chemical potential, the screening length is not very sensitive to changes in the chemical potential, which represents a sort of saturation in the sense that introducing additional quark-antiquark pairs into the system would not have a further effect on screening.
For the phase in which the field theories are interacting, there is an interesting transition that can take place involving a quadruplet made up of one quark-antiquark pair in each field theory. On one side of the transition the quarks interact with the antiquarks of the same field theory and are screened from the antiquarks of the other field theory, whereas on the other side of the transition it is the reverse. We consider various ways in which the quarks and anti-quarks can be positioned so as to bring about this transition. It could also be interesting to study analogous transitions that can take place involving screening and two heavy-light mesons in a single field theory that has flavor.
A General black holes and thermodynamics
The Lagrangian (2.2) for a five-dimensional theory can be generalized to arbitrary dimensionality. In particular, it can be shown that the four-dimensional theory can be embedded within a supergravity theory. While the analogous theories with D ≥ 6 cannot be embedded in supergravity, it was shown in [37, 38] that the theory with A = 0 can be pseudosupersymmetrized in that the full theory is invariant under the pseudo-supersymmetric transformation rules up to and including the quadratic order in fermionic fields. In fact, that was how the scalar potential was obtained.
We shall first study the theory in the Einstein frame and discuss the charged black hole solution obtained in [21] . We analyse the global structure and obtain all the thermodynamical quantities. We then analyse the solutions in the f (R) frame and show that wormholes emerge.
A.1 Einstein frame
Let us consider the Lagrangian
where the scalar potential is given by
The theory admits the following charged black hole solution [21] :
It is more convenient to use the parametrizatioñ
Then the solution becomes
The horizon is located at the largest positive root of h, namely h(r 0 ) = 0. It is convenient to solve for µ instead: 
A.2 The f (R) frame
We now consider the f (R) frame, namely (A.14)
The thermodynamics remain unchanged.
Let us consider the case withq = 0. The solution becomes then h must have a largest root at some r = r 0 and the solution describes a nonsingular black hole for which the horizons are located at r = ±r 0 . However, for positive q, h can never have a double root. Nevertheless, there exists an extremal limit of µ = µ 0 for which the near-horizon geometry is AdS 2 × Ω D−2,ǫ . For µ < µ 0 , the solution describes a wormhole [21] .
It is instructive to express the solution using the new radial coordinate z = r (D−3)/2 : Then one can see that the metric is smooth everywhere. The two asymptotic regions z = ±∞ are shielded by two horizons for µ > µ 0 , which coalesce at z = 0 when µ = µ 0 .
Thus, the solution describes a nonsingular black hole for µ > µ 0 , an extremal black hole with the near-horizon geometry AdS 2 × Ω D−2,ǫ for µ = µ 0 , and a wormhole for µ < µ 0 .
